This article describes an investigation on the energy consumption of an alternative hybrid electric power steering system. The conventional hydraulic power steering system that is widely used in commercial vehicles can provide high steering-feel and reliability performances. However, since the combustion engine drives the pump, the hydraulic power steering system is energetically inefficient. To cope with this disadvantage of the hydraulic power steering system and to provide a technical base for the steering-related advanced driver assistance system, the Hybrid electric power steering system offers a solution for heavy commercial vehicles. The ''Hybrid'' of the title means that, for heavy commercial vehicles, the electric power steering system and electro-hydraulic power steering system are integrated in a ball-nut steering system. In this paper, to verify the energy-saving effect of the Hybrid electric power steering system, a dynamic model of the Hybrid electric power steering system was developed to estimate the energy consumption in the steering system. Furthermore, the fuel-efficiency test for the Hybrid electric power steering system were conducted while replacing the two steering systems (the conventional hydraulic power steering and Hybrid electric power steering system) in one vehicle on the chassis dynamometer for the proposed driving cycle. The driving cycle including the steering-angle profile has been developed to clearly investigate the effect on the energy-saving potential by the types of the steering system (hydraulic power steering and Hybrid electric power steering). The simulation results of the energy-consumption estimation showed that the hybrid electric power steering system can reduce the steering-system energy consumption by more than 50% under the proposed driving cycle. Also, the vehicle testing of the chassis dynamometer revealed that the Hybrid electric power steering system can improve the fuel efficiency of the vehicle by 1% for the specified driving cycle.
Introduction
Recently, energy-efficiency and intelligent-control systems constitute a main trend in the automotive industry. 1 This trend is induced by the various environ-politics efforts of developed countries and the social needs for automotive safety. Many developed countries are reinforcing the regulations of fuel efficiency and driving safety. To cope with this general tendency in automotive technology, the electric power steering (EPS) system has been applied to most of the passenger cars because the EPS is effective in energy saving and can provide the technical bases of the advanced driver assistance system (ADAS), such as the Lane Keeping Assist System (LKAS) and the automated driving system. 2 Most heavy commercial vehicles, however, still utilize the hydraulic power steering (HPS) system for which the hydraulic pump is directly connected to the engine crankshaft by a belt or a gear. This steering system has been proved as effective, inexpensive, and reliable; 3 nonetheless, its fuel efficiency is ineffective since this system consumes engine-traction energy even in situations where the driver does not require steering assistance because of the permanently driven load of the hydraulic pump. 4 Another disadvantage of the HPS system is that it cannot steer a steering wheel without the driver's intention. So the HPS system is invalid for steering-related-ADAS and automated-driving systems. For this reason, studies on the application of EPS systems to commercial vehicles have been carried out to improve energy saving potential, steering convenience and safety.
For heavy commercial vehicles, an electromechanical steering actuator (EPS motor) has been utilized together with the conventional HPS system. Since the hydraulic system remains in place, the electric motor just provides a partial assistance torque. A solution for this type of steering system for which is used in ZF Lenksysteme was presented by Wiesel et al. 5 and is referred to as hybrid steering. The electric motor can add or subtract the torque regarding the driver steering torque.
A similar solution, the ColumnDrive, has been designed by TRW and was presented by Williams. 6 The electric motor on the steering column generates a synthetic-torque feedback experienced by the driver, while the HPS system generates the main assistance torque. In this way, the steering feel, such as the on-center steering feel and the returnability, and the driving stability can be improved. Recently, Volvo Truck has also used a similar system to generate a superimposed steering torque with the hydraulic system, as shown in Volvo Dynamic Steering. 7 Here, the electric motor is attached directly on the hydraulic steering gear, and the system can improve the steering feel and the handling characteristics such as the side-wind stability, the robustness for road disturbances and the returnability.
The common feature of the previously described steering systems is that the electric motor of the EPS is attached to the conventional HPS system to generate the additional torque assistance and performs the chassis-control function for driving convenience and safety. Ultimately, by using this electric motor, the steering-related ADAS (such as the LKAS) and the automated steering function can be implemented in commercial vehicles depending on the application.
On the other hand, it can be said that integrating the EPS system into HPS system is still ineffective on the energy-saving because EPS system cannot reduce the engine traction energy always consumed by the hydraulic pump load in the HPS system. Rather, due to the addition of the EPS system, the system mass and the consumption of electric energy increase, so the EPS system may adversely affect fuel economy in terms of steering system. Consequently, a certain solution for energy efficiency has to be studied to utilize the EPS system in the heavy commercial vehicle for steeringrelated ADAS function. Nevertheless, a measure to save energy in EPS and HPS integrated steering system has been rarely presented in previous researches.
One of the possible applications is the electro hydraulic power steering (EHPS) system. Since the hydraulic pump of the EHPS system is independent from the engine crankshaft, the energy loss that is caused by a pump-rotation load can be minimized in the case of straight-line driving situations when no assistance is required. So, theoretically, if the EHPS and EPS systems can be integrated into a heavy-commercial-vehicle steering system, the enhancements of not only steering control but also energy efficiency can be achieved in ball-net steering system of commercial vehicles. The steering system wherein the EPS and EHPS systems are integrated in the ball-nut steering system that is generally used in heavy commercial vehicles is called as ''Hybrid Electric Power Steering (Hybrid EPS)'' in this research.
There are many researches for comparing the fuel efficiency according to types of steering system. However, most of these studies have focused on the passenger cars not commercial vehicles. In addition, there is rarely research about the steering system integrated EHPS and EPS system. 5 So, it is clear that the Hybrid EPS system can improve the energy saving in the steering system and fuel efficiency of vehicle, but there is not enough evidence about quantitative magnitude of energy saving effect when the Hybrid EPS system is applied.
Therefore, the main contribution of this article is that the energy saving effect of Hybrid EPS system is quantitatively verified by simulation and experimental method. Since the fuel economy of vehicle with the Hybrid EPS system is directly related to financial benefit for both the drivers and manufacturers, most of all, it is necessary to verify if the Hybrid EPS system can improve the energy saving potential in steering system and fuel efficiency of the vehicle. Therefore, the energy saving potential in steering system of Hybrid EPS was validated using the dynamic model of Hybrid EPS system. And, in order to confirm how much energy saving in steering system can improve the fuel economy of the vehicle, the fuel efficiency test of vehicle with the Hybrid EPS system was conducted on chassis-dynamometer. The results of simulation and fuel efficiency test for the Hybrid EPS system was compared to the results for the conventional HPS system in same conditions.
To evaluate the fuel economy of the Hybrid EPS system compared to the conventional HPS system, it is necessary to consider a driving cycle that takes into account both longitudinal and lateral driving maneuvers. Because the most existing driving cycles have only longitudinal speed profiles and have no steering input profile, the amount of energy consumption in steering system may be zero or base magnitude during the conventional driving cycles. That is, the conventional driving cycles are inappropriate for evaluating the energy saving effect of steering system. However, there has been a dearth of research about the driving cycles including lateral motion, so only a few research studies can be applied for the energy economy investigation of the Hybrid EPS system. One of the driving-cycle studies regarding lateral vehicle behavior that is related to the steering input was presented by Lin et al.; 8 however, it is slightly inappropriate for an investigation of the energy consumption of the Hybrid EPS system. In Lin's research, because the lateral maneuver of vehicle is defined as lateral acceleration rather than the steering angle, the lateral acceleration should be transferred to steering angle input for the practical application. For this reason, another purpose of this research is the suggestion of the driving cycle including the steering-angle input for the prediction of the energy consumption of the Hybrid EPS system. And the proposed driving cycle can be applied to the fuel-efficiency test on the chassis dynamometer of the target vehicles equipped with the Hybrid EPS system compared to conventional HPS system. This paper is organized as follows. In section ''Modeling of the Hybrid EPS system,'' the dynamic model of the Hybrid EPS system is developed to estimate the amount of the energy consumption in the Hybrid EPS system using the MATLAB/Simulink; furthermore, the dynamic model is verified in comparison with the vehicle-test data. Section ''Development of a driving cycle with steering-angle profiles'' describes the developmental process and the results of the driving cycle that consists of the longitudinal vehicle-speed profile and the steering-angle profile. The results of simulation for reducing energy consumption and the fuelefficiency test on the chassis dynamometer are presented in section ''Verification of the Hybrid EPS system for a fuel-saving effect.'' In section ''Verification of the Hybrid EPS system for a fuel-saving effect,'' the developed driving cycle is applied to the simulation and fuelefficiency test. Through all of the previously mentioned sections, the fuel-efficiency improvement of the Hybrid EPS system is proven using a computer simulation and the fuel-efficiency test on chassis-dynamometer.
Modeling of the Hybrid EPS system
The energy consumption analysis using dynamic model has to be conducted before the fuel-efficiency test. The purpose of energy consumption analysis is to investigate whether the control logic and configuration of Hybrid EPS system can reduce the energy consumption of steering system compared to the conventional system. For this analysis, we first need to develop a dynamic model of the Hybrid EPS system with high accuracy.
This section describes about the dynamic model of the Hybrid EPS system. Because one of the purpose of this paper is to investigate if the Hybrid EPS system can improve the energy efficiency compared to conventional HPS system using the simulation model, it is essential to develop the dynamic model of Hybrid EPS system. And, the dynamic model should be confirmed to be well-correlated with test data for the driving cycle proposed in this paper. So that, we could conclude that the dynamic model can be used to validate the energy saving effect of the Hybrid EPS system. Section ''Modeling of the Hybrid EPS system'' explains about model development and model correlation with lane change test, then, model accuracy for the specified driving cycle will be expressed in section ''Development of a driving cycle with steering-angle profiles'' after developing the specified driving cycle.
In subsections ''System description of the Hybrid EPS system'' to ''Energy-consumption estimation of the Hybrid EPS system,'' the dynamic model of mechanical system and hydraulic system is derived using dynamic equation and design parameters. And the electric system with the electric motors and control logic is modeled from the equivalent DC motor model and practically applied control logic. Section ''Modelvalidation and simulation results'' discusses the accuracy of dynamic model for Hybrid EPS system compared to test data of lane change maneuver.
System description of the Hybrid EPS system
The Hybrid EPS system proposed in this paper is expressed in the schematic diagram of Figure 1 . The Hybrid EPS system in Figure 1 is composed of the EPS system, a mechanical-steering system, and the EHPS system with hydraulic parts such as a rotary valve, cylinder, and pump. The EPS system consists of a surface-mounted permanent magnet (SPM) motor, torsion bar and torque sensor, reduction gear, and an electronic control unit (ECU) with control logic. The EHPS system consists of a motor pump unit (MPU) with external gear pump, ECU with control logic and ball-nut gearbox. The EPS system is attached directly onto the hydraulic ball-nut gearbox.
The operation of the Hybrid EPS system is as follows. When the driver steers the hand wheel, Torsion Bar 1 is twisted as the driver-input torque. From this torsional angle, the torque angle sensor (TAS) can measure the steering torque and the angle of the driver input, and the ECU of the EPS system determines the amount of the assistance torque on the steering column. Then, Torsion Bar 2 is also twisted as the summation torque of the driver-input torque and the assistance torque from the EPS system. Subsequently, some orifices of the rotary valve are opened and others are closed so that the assistance force on the ball-nut cylinder is generated by the differential pressure between the left and right chambers. Since the hydraulic system that has been transferred from the HPS system to the EHPS system is still in place, the electric motor of the EPS does not need to provide the full assistance torque. In practice, the assistance torque from the EHPS system is much higher than that from the EPS system.
In the remainder of section ''Modeling of the Hybrid EPS system,'' the dynamic model of the Hybrid EPS system is developed to estimate the amount of the energy consumption of the Hybrid EPS system.
Dynamic model of the mechanical system
The steering column, torsion bar, worm shaft that rotates the recirculating ball, ball nut, sector gear, and steering linkages of the conventional HPS system remain almost intact in the Hybrid EPS system. Only the EPS-actuator assembly is additionally installed between the steering column and the ball-nut gearbox. The mechanical parts of the EPS-actuator assembly consist of a torsion bar, worm gear (reduction gear), and shaft. The mechanical system of the Hybrid EPS system is depicted in Figure 2 .
The dynamic model of the mechanical systems of the Hybrid EPS, as shown in Figure 2 , can be expressed using equations (1) to (4), as follows
The variables T d and T fric in equation (1) are the driver steering torque and the frictional torque of the steering column, respectively. T eps in equation (2) represents the assistance torque generated by the EPS system. In equation (3), F fric is the friction force of the ball nut, and F react is the reaction force that is generated from the tire-aligning moment and is transferred through the steering linkages; this force acts on the ball nut in the opposite direction of the ball-nutdisplacement direction. F ehps in equation (3) is the assistance force that is generated by the EHPS system. These variables are subsequently explained in this subsection. The other variables and parameters that are used in equations (1) to (4) are described in Table 1 .
Friction model. The Dahl's Friction Model can express the friction torque and force that are included in equations (1) and (4) . Dahl modeled the stress-strain curve using a differential equation. Let y be the displacement, F be the friction force, and F c be the Coulomb-friction force. Then, the form of Dahl's model is shown in equation (5) To obtain a time-domain model, equation (5) can be transformed into equation (6) through the application of the chain rule
Notably, in this model, the friction force is only a function of the displacement and the sign of the velocity, implying that the friction force is only positiondependent. By applying equation (6) to define T fric in equation (1), u sw and T fric are the substitutions of y and F, respectively. Similarly, by applying equation (6) to define F fric in equation (3), x and F fric are the substitutions of y and F, respectively. Equations (7) and (8) define the friction torque and the force of the mechanical system of the Hybrid EPS in equations (1) and (3), respectively, as follows
where a is set as 2 in this study and Table 2 shows the parameters of Equations (7) and (8). A number of the appropriate parameters of equations (7) and (8) were found using the computer simulation so that the simulation data of the steering torque correspond with the steering-torque test data.
Reaction force for the steering input. The kingpin moment of the steering tire induces the reaction force that acts on the ball nut in the steering system. When the driver applies the steering input, the steering tires rotate on the ground and the aligning moment in the kingpin axis is generated in the direction of the center position; this aligning moment is the kingpin moment. The linkages of the steering system transfer this kingpin moment to the ball nut in the gearbox, and the moment is transferred to the reaction force on the ball nut. To achieve the tire steering, the sum of the driver-input torque and the steering-assistance torque (and force) from the powersteering system generates the force equilibrium with the reaction force on the ball nut in the gearbox. In this study, the reaction force can be calculated from the nonlinear vehicle-dynamics simulation using TruckSim. The kingpin moment when the steering input is applied was derived using the nonlinear tire model of TruckSim. The reaction torque acting on the pitman arm can be regarded as the TruckSim-calculated kingpin moment. Then, this moment is converted to the reaction force on the ball nut using the simplified linear equation. In this process, it is necessary to validate the similarity between the aligning moment from TruckSim and the measurement data of the vehicle test. The validation results regarding the aligning moment of TruckSim are shown in Figure 3 .
The black line in Figure 3 is the measured reaction torque acting on the pitman arm in the public-road vehicle test. The blue line is the calculated kingpin moment from TruckSim for which the nonlinear tiredynamics simulation was applied. The calculated kingpin moment was adjusted to compensate for the error between the measured reaction torque and the calculated kingpin moment, where the multiplication of a constant gain was used to calculate the data kingpin moment. The blue line in Figure 3 represents the adjusted kingpin moment. The adjustment gain and the reaction force are expressed in equation (9), as follows
where M adj is the adjusted kingpin moment that is obtained by multiplying the constant gain K gain by the TruckSim-calculated kingpin moment M king . Furthermore, the reaction force can be derived easily by a division of M adj by r sec , which is the moment arm of the radius of the sector gear M adj .
Linkage model of the steering system. By solving equations (1) to (4) with the appropriate assumptions regarding T eps and F ehps , the dynamic model for the mechanical system of the Hybrid EPS can obtain the rotation angle of the pitman arm. To generate the lateral tire force and the kingpin moment of the vehicle-dynamics model in TruckSim, the mapping data are used to establish the dynamic model of the steering system. These mapping data define the relationships between the pitman-arm angle and the steering angles of the left and right tires in the steering axle, as shown in Figure 4 .
For solving the entirety of the equations (1) to (4), T eps , the assistance torque of the EPS system, and F ehps , the assistance force of the EHPS system, must be designed in a dynamic model of the Hybrid EPS system. In the following subsections ''Dynamic model of the EHPS system'' and ''Dynamic model of the EPS system,'' dynamic assistance-force and torque models are established.
Dynamic model of the EHPS system
In this section, the typical open-center hydraulic circuit is considered to establish the dynamic model of the EHPS system and to calculate the assistance force F ehps that is created by the EHPS system. Figure 5 depicts the schematic of the hydraulic circuit with a rotaryvalve section and a hydraulic cylinder equipped in the steering gearbox.
The inner spool rotates directly with the rotation of the reduction gear (u RG ) of the EPS system. The outer sleeve, Torsion Bar 2, and worm shaft are attached together. The longitudinal slots of the sleeve and the spool produce the metering orifices of the valve. In the absence of the driver torque input, Torsion Bar 2 is not twisted (u RG = u worm = 2p l x), and the metering-orifice areas are equal on both sides of the valve (corresponding to the left or right side of the cylinder). In this case, no assistance force is generated across the cylinder. If the system is rotated by a driver torque input, Torsion Bar 2 twists with a differential angle (u RG À u worm ), producing a displacement between the spool and the sleeve. This displacement corresponds with a change in the metering-orifice areas, thereby creating a differential pressure across the cylinder. The pressure is transformed in the ball-nut force by the piston. This force, which represents the power-steering assist, is F ehps and adds to the driver-produced force.
The dynamics of this hydraulic system are modeled in equations (10) to (13) , as follows 
where the following formulas apply
The assumptions of these equations are as follows:
The absence of a pressure drop in the hydraulic circuit; The wave dynamics on the fluid transmission are neglected; The bulk modulus is considered as constant;
The leakage of the piston-cylinder interface is neglected; The return-pressure dynamics are negligible.
Note that the EHPS system in this study utilizes two hydraulic pumps to generate the required flow rate for heavy commercial vehicles. For a cost reduction in the development of new large-capacity hydraulic pumps, this system uses the conventional hydraulic pumps that have been developed for passenger cars, thereby resulting in the presentation of the ''2'' value in equation (13) .
The input of this hydraulic system is the flow rate supplied by the hydraulic pump Q s and the torsional torque of Torsion Bar 2, which generates the displacement between the spool and the sleeve. The summation of the driver's steering-torque input and the EPS-system-created assistance torque twists Torsion Bar 2 and produces the change in the areas of the metering orifices. The change in the orifice areas is represented in A 1 and A 2 . In the case of a plus-direction steering angle, as shown in Figure 5 , A 1 is the opening areas of the orifices and A 2 is the closing areas of the orifices. The orifice areas can be modeled as a function of the torque acting on Torsion Bar 2. Figure 6 illustrates the orifice areas used in this study, and the outputs of this hydraulic system are the assistance force that is created by the EHPS system, F ehps , and the supply pressure of the hydraulic pump P s .
The other parameters and variables of equations (10) to (13) are listed in Table 3 . Note that variable x is the displacement of the ball nut, as described in subsection ''Dynamic model of the mechanical system.'' By solving the entirety of the equations (10) to (13), the amounts of the supplied flow rate Q s and the pumprotation speed w should be defined in the hydraulicsystem model appropriately. To define the supplied flow rate and the pump-rotation speed, the hydraulicsystem dynamic model must include the operating logic and dynamics of the hydraulic pump for the EHPS system according to the various steering inputs of the driver. So, in the rest of this subsection ''Dynamic model of the EHPS system,'' a discussion of the control logic and the pump-motor dynamics occurs.
Dynamic model of the EHPS motor in the MPU. The rotation speed of the MPU electronic motor should be controlled as the speed command that is the output of the EHPS assist map of Figure 7 . For this, the proportional integral (PI) controller in the ECU controls the motorrotation speed by means of the pulse width modulation (PWM) method. The ECU delivers a PWM value that generates an applied voltage v h . This voltage causes an armature current of the motor i h DC . w is the rotation speed of EHPS motor. The mechanical and electrical dynamics of the MPU motor are expressed in equations (14) to (16). 10, 11 The MPU motor is regarded as a DC motor to simplify the dynamics
where equation (16) expresses the load torque of the hydraulic pump, denoted T L ehps , created by the supply pressure of the pump, as defined in equation (10) . The parameters are listed in Table 4 . The assist map of the EHPS system represents the rule of the hydraulic-motor rotation. Through an analysis of the vehicle-test data of the various steering conditions, the assist map of the EHPS system can be extracted. The inputs of the assist map of the EHPS system that is used in this study are the steering-wheelangle (SWA) rate and the vehicle speed. And the assistmap output of the EHPS system is the motor-rotation speed in revolutions per minute (r/min). Figure 7 illustrates a full assist map of the EHPS system that was used in this study.
The torque constant K T ehps has been regarded as a constant value in many research studies. However, in this study, this parameter is defined as a nonlinear function for the motor-rotation speed, as shown in Figure 8 . The nonlinear characteristic of the torque constant depicted in Figure 8 can be obtained from a motor-dynamo test. Since the accuracy of this parameter is important for the calculation of the DC that is supplied to the motor controller (ECU of the EHPS), it is necessary to reflect the nonlinear property of the torque-constant for more precise estimation of the EHPS-system energy consumption. Figure 9 shows the block diagram for the transfer function that was converted by the Laplace transforms of equations (14) to (16) and the PI controller for the MPU-motor speed controller. This block diagram is implemented in the MATLAB/Simulink environment using the EHPS-system dynamic model.
As shown in Figure 9 , the assist map that is explained in the previous paragraphs determines the target motor speed that is linearly related to the target flow rate, as given by equation (13) . A PI controller controls the DC voltage of the electric motor so that the mechanicalrotation speed becomes the same as that of the target motor speed under the load torque. The extent of the driving torque generated by motor of EHPS is as much as the load torque that is created by the supply pressure of the hydraulic pump, as expressed in equation (16).
Dynamic model of the EPS system
The EPS system, as illustrated in Figure 2 , generates the assistance torque T eps in equation (2) . The EPS system is directly connected to the steering column by the reduction gear of the worm-gear type. Namely, the motor-driving torque of the EPS system is transferred to the steering column and the steering wheel through the reduction gear. And the EPS-system motor rotates by as much as the steering angle and the steering-angle rate that are applied according to the driver intent. Therefore, the EPS-system operation target is the generation of the desired assistance torque that is defined in the EPS-system assist map. The EPS-system block diagram is illustrated in Figure 10 . Note that the mechanical system of the electric motor in the EPS system is omitted from the block diagram of Figure 10 because the driver steering input immediately rotates the mechanical motor at certain speeds that are intended by the driver.
The PI controller of the EPS system controls the PWM of the voltage input of the motor to generate the The transfer function in Figure ( 10) can be derived using the Laplace transform of equation (17). The parameters of equations (17) and (18) are listed in Table 5 .
The motor torque constant in the EPS system is also defined as a nonlinear function for the motor-rotation speed, as shown in Figure 11 , for the same reason that is explained in the previous section.
The target motor torque of the EPS system is T desired in Figure 10 . The control logic of the EPS system determines the desired motor torque of the EPS system according to various steering conditions. In general, the control logic of the EPS system consists of a main assist map and several ancillary assist maps. In this study, the dynamic model of the EPS system considers only the main assist map because the ultimate purpose of this dynamic model is the estimation of the energy consumption of the Hybrid EPS system. The main assist map of EPS system is shown in Figure 12 . The main assist map is obtained from the analysis of vehicle test data.
The motor torque of the EPS system and the TASmeasured driver steering torque were measured in a vehicle test, and the equipped Hybrid EPS system is shown in Figure 13 .
Energy-consumption estimation of the Hybrid EPS system
To estimate the extent of the energy consumption of the Hybrid EPS system under various driving conditions using the dynamic model that was developed in previous sections, the supply power to the ECU of the EHPS system and the ECU of the EPS system of the Hybrid EPS system should be obtained. Figure 14 depicts the force (and torque) and the energy flow of the Hybrid EPS system.
The ECUs of the EHPS and EPS of the Hybrid EPS system checks the motor-operation demand by measuring the supply currents of the EHPS system, I s h , and the EPS system, I s e . The EHPS supply current is determined by the load torque that is created by the pumpsupply pressure, as expressed in equation (16). Similarly, the EPS supply current is determined by the desired torque that is defined in the EPS assist map of Figure 12 . The supply voltage V s is the DC voltage of the battery and can be regarded as a constant value of 28 V since the DC-supply voltage is rarely changed under general driving conditions. A 28 V DC battery is generally used in heavy commercial vehicles.
The supply power of the Hybrid EPS system can be the products of the supply current and the supply voltage. 12 Under an assumption that the energy loss due to internal and external resistances is negligible, the supply 
current is almost equal to the armature current of the EHPS and EPS motors that are derived by equations (14) to (18). This is expressed in the following equation (19)
P s hyb = P s e + P s h ð19Þ
where the following formulas apply P s e = V s Á I s e = V s Á i e DC and
The ''2'' value in equation (19) means that there are two ECUs for the two MPUs in the EHPS system. Finally, the energy consumption of the Hybrid EPS system is the integration of the supply powers of the Hybrid EPS system in equation (19) through the time domain, as shown in the following equation (20)
Model-validation and simulation results
This section describes a validation of the dynamic model and the energy-consumption estimation of the Hybrid EPS system that was developed in the previous subsections ''System description of the Hybrid EPS system'' to ''Energy-consumption estimation of the Hybrid EPS system,''. The dynamic model of the Hybrid EPS system that was implemented in the MATLAB/ Simulink environment is linked to Trucksim, which is the nonlinear vehicle-dynamics simulation software. The role of Trucksim is the calculation of the kingpin moment of the steered tires, as described in equation (9) . The target vehicle of this simulation study is a 6-x-2 tractor, as shown in Figure 15 , and the main targetvehicle specifications are listed in Table 6 . First, to validate the dynamic model of the Hybrid EPS system, the vehicular driving data were acquired under several handling situations. The vehicle test was conducted in lane-change scenarios at speeds of 30, 50 and 80 km/h on dry asphalt. The Hybrid EPS system was installed in the test vehicle as a replacement of the conventional HPS system. Using a number of the sensors installed in the controller area network (CAN) of the Hybrid EPS system, the operational data of the Hybrid EPS system were collected in the CANoe CAN device (Vector, Germany). The pump-rotation speed, the pump-supply pressure of the EHPS system and the motor torque of the EPS system were all measured by internal sensors, and the TAS measured the steeringwheel torque of the driver. Then, the measured data were compared with the simulation data of the dynamic model of the Hybrid EPS system. The results are depicted in Figure 16 . Note that the vehicle test was conducted with the lifted third axle of the vehicle. Figure 16 . continued.
As shown in Figure 16 , the dynamic model of the Hybrid EPS system delivered an accurate prediction of the rotation speed and the supply pressure of the EHPS pump. This fact indicates that the hydraulic-system and assist-map models of the EHPS system can represent the real system to an appropriate degree. Also, the dynamic models of the mechanical and EPS systems were adequately modeled, since the motor torque of the EPS system and the steering-torque data that were obtained using the dynamic model of the Hybrid EPS system are in sound agreement with the measured data.
Next, the power-and energy-consumption values of the Hybrid EPS system that were estimated using equations (19) and (20) were compared with the measured data. Since the power consumption cannot be obtained directly in the measuring system, the measured supply current was calculated through a division of the measured motor torque by the torque constants; then, the measured power consumption was delivered by the products of the calculated supply current and the measured battery-supply voltage. Figure 17 depicts the measured supply current, measured power, and measured energy consumption compared with the simulation data.
As shown in Figure 17 , it can be seen that the powerconsumption estimation of the simulation model is in sound agreement with the measured data since the energy-consumption amounts of the simulation data and the measured data are almost equal in the time domain during the power-consumption integration.
Development of a driving cycle with steering-angle profiles
To evaluate the fuel-efficiency-improvement effect of the Hybrid EPS system, it was necessary to conduct the fuel-efficiency test based on a driving cycle with a steering profile. However, as mentioned previously, a dearth of research exists regarding the driving cycle with respect to the vehicular lateral maneuver. So, this section introduces the process of the development for the driving cycle with the steering-angle profile. And the energy consumption of the Hybrid EPS system is predicted and compared to test data under the developed driving cycle to confirm if the dynamic model of Hybrid EPS system has sufficient accuracy for verifying the energy saving effect of Hybrid EPS system.
Development of the driving cycle with the steeringangle profile for the fuel-efficiency test
The development of the driving cycle that is proposed in this study can be divided into the following three steps: Data acquisition through the normal driving situations on public roads. Identification of the driving phases from the acquisition data: Phase 1 (urban), Phase 2 (rural), and Phase 3 (highway). Approximations of the steering number and the amount for each driving phase.
Data acquisition. Because the data-acquisition driving routes should represent general driving conditions, the Republic of Korea (ROK) national expressways No. 1 and No. 110, which are mainly and frequently driven on by cargo trucks for the carriage of goods, were selected as the main routes. Also, the driving course consists of the urban and rural roads between the highway tollgate and the distribution center. The driving routes were selected to reflect the real-life situation as closely as possible. The total driving distance, for which the three types of roads were combined, is 910 km. The vehicle test measured the steering angle, vehicle speed, and the other data of the vehicular motion on the selected routes using the 6-x-2 tractor without a trailer.
Identification of the driving phases. The measured data from the total routes can be separated into three phases according to the vehicle speed and the steering angle. The steering-angle distribution map with the vehicular speed for all of the data is pictured in Figure 18 , wherein the steering angle is larger at the lower driving speeds; this is a reasonable tendency in a normal driving situation. The maximum steering angle occurs in parking condition when the vehicle speed is extremely low or static. By contrast, although a vehicle can change lanes or turn left/right at high speeds, the steering angle to maintain the vehicle stability is relatively small. Note that the maximum vehicle speed is limited under 100 km/h because of an ROK safety regulation for heavy commercial vehicles.
All of the measured data are separated into three phases by 30 km/h steps. The first phase (0-30 km/h) is called ''Urban,'' the second phase (30-60 km/h) is called ''Rural,'' and the third phase (60-100 km/h) is called ''Motorway.'' The average speed of each phase and the ratios of the time to the total driving time are shown in Table 7 .
The driving cycle of the World Harmonized Vehicle Cycle (WHVC) that is generally used for the fuelefficiency tests of commercial vehicles is composed of three phases with a widely varying speed profile. Nevertheless, the speed profiles of the driving cycle that is proposed in this study are set to a constant speed according to the average speed listed in Table 7 . The reasons here are the minimization of the variation of the fuel-efficiency test result that was generated from repeat tests and the maximization of the fuel-efficiency effect on the steering system.
The driving times of the three phases in Table 7 are too long to apply the fuel-efficiency test using the chassis dynamometer, so the driving time of each phase is needed to reduce the reasonable test time. In this study, the total test time of the chassis-dynamometer fuel-efficiency test is determined as 10 min in consideration of the test costs and times. The reduced test times of the three phases are shown in Table 8 . The ratios of the time to the total test time of each phase that are given in Table 7 are still maintained with the reduced test time.
Approximations of the steering number and the amount. In this step, the numbers and magnitude of the steering angle corresponding to each phase should be determined to establish the steering-angle profile. For the analysis of the steering-input data, the rainflowcounting method is applied. This method is mainly used in the analysis of fatigue data for the reduction of a varying stress spectrum into a set of simple stress reversals. 13 The rainflow-counting method is the industry's most frequently used cycle-counting method. With the utilization of an algorithm that is implemented in MATLAB, 14 the rules of this method are as follows:
A rain flow is started at each peak and trough; When a rain-flow path that is started at a trough comes to the roof tip, the flow stops if the opposite trough is more negative than the one that the flow started from; For a flow that is started at a peak, it is stopped by a peak that is more positive than the one that the flow started from; If the rain flowing down a roof intercepts the flow from an earlier path, the present path is stopped.
Applying the rainflow-counting method, the timehistory data of the steering angle in the total driving data can be converted to certain information including the numbers and the magnitude of the steering cycles. This information can be obtained for each driving phase. The results are depicted in Figure 19 .
In Figure 19 , the y-axis represents the magnitude of the peak-to-peak value of each steering cycle. The xaxis represents the steering-cycle number that corresponds to each magnitude of the peak-to-peak value. The x-axis is the log scale of the cycle number.
The last stage of this step is the reduction of the steering-cycle number that corresponds to the reduced test time as illustrated in Figure 20 . By using the product of the steering-cycle number and the time-reduction ratios of Table 8 , the number of steering cycles can be reduced by a certain ratio. For example, the reduced number of steering cycles for Phase 3 is derived by a multiplication of the time-reduction ratios of Table 8 by the x-axis data of Figure 19 (c). The assumption of this calculation is that the statistical property of the steering patterns of the reduced test time is the same to that of the total driving time; these results are depicted as blue lines in Figure 20 . The x-axes of the graphs in Figure 20 are all reduced by a time-reduction ratio compared with that of Figure 19 . Note that the y-axis is not changed and is equal to the graphs of Figure 19 .
Finally, the number and the magnitude of the steering cycles should be approximated from the plots with the reduced number of steering cycles to determine the steering pattern for the fuel-efficiency test. The approximated curve on the plot should be decided conservatively so that the steering input of the fuel-efficiency test is slightly more severe than the real driving data. The red lines in Figure 20 describe the approximation of the steering pattern. The meaning of the red line in Figure 20 (a), for instance, is that the steering pattern of Phase 1 can be approximated as 1 cycle of the steering input with a peak-to-peak value of 900°and 3 steeringinput cycles with a peak-to-peak value of 90°. Figure 21 and Table 9 summarize the steering-angle profiles and speeds of each phase for the proposed driving cycle of this study.
Dynamic-model correlation for the proposed driving cycle
The purpose of the development of the dynamic model of the Hybrid EPS system is to estimate the energy consumption of the Hybrid EPS system regarding the driving cycle that is proposed in subsection ''Development of the driving cycle with the steeringangle profile for the fuel-efficiency test.'' To confirm correctness of the energy-consumption estimation, the simulation and test data are compared in terms of the proposed driving cycle. The measured data can be acquired by the chassis-dynamometer test with the proposed driving cycle. The details of the chassisdynamometer test are introduced in the next section; here, a close correlation exists between the simulation results and the measured data. The steering-angle profile is defined as a sinusoidal curve with the cycles and amplitudes that were proposed in the previous section.
The simulation results for the three phases that were introduced in the previous section are shown in Figure 22 with the measured data, as explained in section ''Modeling of the Hybrid EPS system.''
The simulation data of the steering torque in Figure  22 contain some relative errors compared with the measured data. These errors occur when the steering angle returns to the center position. It is supposed that the reason for the steering-torque errors is the returncontrol logic of the EPS system that is beyond the scope of the dynamic model of the Hybrid EPS model. Since the return-control effect on the power consumption in the Hybrid EPS system is marginal, the estimated total energy-and power-consumption values are in line with the measured data of the energy-and power-consumption values in spite of the steeringtorque error. Based on these results, it can be concluded that the dynamic model has sufficient accuracy to verify whether Hybrid EPS system can improve the energy efficiency in simulation method. In the next section, the fuel-efficiency improvement is verified through the simulation and chassis-dynamometer tests for the Hybrid EPS system and conventional HPS systems applying the proposed driving cycle and the dynamic model of the Hybrid EPS system. Verification of the Hybrid EPS system for a fuel-saving effect
Verification of the Hybrid EPS system for the energysaving potential in a simulation
In this section, the energy-saving potential of the Hybrid EPS system is investigated using the proposed driving cycle and the dynamic models of Hybrid EPS system. The energy consumption amount estimated in the dynamic model should be directly compared for the Hybrid EPS system and the conventional HPS system. By only replacing the output-flow rate of the hydraulic pump from the electric-motor pump to the engine-driven pump, the conventional HPS system can be modeled. Of course, the EPS system must be omitted. Typically, the rotation speed of the hydraulic pump in the conventional HPS system is almost same to the engine-rotation speed. The power-steering pump of the HPS system is driven by the gear or the belt that is directly connected to the engine shaft. Equation (21) shows the output-flow rate of the hydraulic pump of the conventional HPS
where D c is the pump capacity of the conventional HPS system and w eng is the engine speed. In this study, D c is set as 25 cc/rev, as introduced in the maintenance manual of the target vehicle. The second equation of equation (13) can be replaced by equation (21) for the modeling of the HPS system. The mechanical-energy loss of the hydraulic pump can be regarded as the energy consumption of the conventional HPS system. Equation (22) defines the mechanical-power and energy losses of the hydraulic pump, as follows
where T c = D c 2p P s . Here, T c is the load torque of the hydraulic pump generated from the supply pressure that is derived in equations (10) to (12) . w pump is the pump-rotation speed that is supposed to be same to the engine speed. Then, the mechanical-energy loss is the integration of P hps . Figure 23 shows the simulation results for the power consumption of the Hybrid EPS and conventional HPS systems under the proposed driving cycle.
As shown in Figure 23 , the steering-wheel torque of the HPS system is nearly in line with that of the Hybrid EPS system, and this means that the amounts of assistance force and torque that are generated by the HPS system are similar to those of the Hybrid EPS system under the same steering-input profile. Under this condition, the Hybrid EPS system is clearly more efficient in terms of energy saving, because the supply pressure and the power consumption of the Hybrid EPS system are much lower than those of the HPS system. Note that the simulation time of Phase 3 is reduced from 492 s to 74 s to clearly show the steering-input-induced power consumption. Figure 24 shows the simulation results of the total energy consumption during the simulation time for the conventional HPS and Hybrid EPS systems. As shown in Figure 24 , the Hybrid EPS system can improve the 
Fuel-efficiency test on chassis dynamometer for Hybrid EPS and conventional HPS systems
Test rig for fuel-efficiency test. For the application of the proposed driving cycle to the fuel-efficiency test on the chassis dynamometer, the test-vehicle steering wheel should be steered on the chassis dynamometer with a generation of the proper steering-reaction force. And the steering should not affect the stability of the fixing of the test vehicle on the chassis dynamometer. As shown in Figure 25 , the test rig is designed to generate the steering-reaction force and to maintain the immobility of the test vehicle when the steering input is applied. To maintain the immobility of the test vehicle on the chassis dynamometer, the drag link is separated from the spindle arm, so the steering input cannot rotate the front tires. The stiffness of the reaction-force spring is appropriately determined to generate the reaction force for the driving speeds of Phase 1, Phase 2, and Phase 3.
Confirmation of fuel-efficiency test mode. According to the proposed driving cycle with steering profiles, the testing times of Phase 1 and Phase 2 are 60 s and 48 s, respectively. These testing times are insufficient for the collection of an adequate amount of emission gas which is needed for fuel efficiency analysis. Therefore, the fuelefficiency tests that are based on the proposed driving cycle should be repeated a number of times, as tabulated in Table 10 , to improve the accuracy and repeatability of the fuel-efficiency test. Table 10 also shows the appropriate stiffness of the reaction-force springs for each phase, and the final steering profiles of each phase are depicted in Figure 26 . The result of the fuel-efficiency test on the chassis dynamometer. To evaluate the effect of the Hybrid EPS system on the fuel efficiency, the chassis-dynamometer fuel-efficiency test was conducted using the final proposed driving cycle, as shown in Table 9 and Figure 26 , for the conventional HPS system and the Hybrid EPS system. After the test for the conventional HPS system, Hybrid EPS system was substituted for the conventional HPS system corresponding fuel-efficiency test. Keeping the test vehicle stationary on the chassis dynamometer to minimize the variation of the test results that is due to the test-vehicle property, only the steering system was replaced. The picture of the test on the chassis dynamometer is shown in Figure 27 , while the results of the fuel-efficiency test for the conventional HPS system and the Hybrid EPS system are described in Table 11 .
The fuel efficiency can be calculated from the emission gas and the driving distance that are given in Table  11 . By applying the carbon-balance method, equation (23) provides the fuel-efficiency calculation 15 for test vehicles with conventional and proposed steering systems. The following equation is for a diesel-engine vehicle Finally, it can be concluded that the fuel-efficiencyimprovement rate of the Hybrid EPS system is approximately 1% compared with the conventional HPS system. In this study, the fuel-efficiency tests were conducted in an indoor test facility. The driving-speed profile is constant at each phase to minimize the effects of the traction system and the driver pedaling pattern; moreover, only the steering system was changed for the comparison of the effects of the conventional and proposed steering systems. For these reasons, it can be seen that the improvement of the fuel efficiency by the proposed Hybrid EPS system is a reliable test result, although the improvement rate of 1% may be slightly low.
Conclusion
In this article, to overcome the energy inefficiency of the conventional HPS system for heavy commercial vehicles, the Hybrid EPS system was investigated. For this research, a dynamic model of the Hybrid EPS system was established using MATLAB/Simulink and Trucksim implementations. A high-degree correlation was found between the dynamic-model data and the vehicle-test data. Using this simulation model, the energy-saving potential of the Hybrid EPS system was verified using a comparison with the conventional HPS system. According to the simulation results, the Hybrid EPS system can save energy consumption by more than 50% in terms of the steering system during the specified driving cycle. The driving cycle with the steering-angle profile was developed so that it could be applied to the fuelefficiency testing in the chassis-dynamometer and simulation studies. Using the rainflow-counting method, the steering-angle profile of each driving phase was extracted from the public-road driving data. The proposed driving cycle with the steering-angle profile was implemented on the chassis dynamometer using a specifically designed test rig. The fuel-efficiency test on chassis-dynamometer for the conventional HPS system and the proposed Hybrid EPS system showed that the Hybrid EPS system can improve the fuel efficiency in terms of the total vehicle system by approximately 1% during the proposed driving cycle. From these results of the simulation and vehicular tests, the energy-saving effect of the Hybrid EPS system has been proven.
In a future work, the optimal control logic shall be investigated to minimize the energy consumption and guarantee the steering convenience using the dynamic model that was developed in this present research.
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